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The phycobilisome (PBS) is a photosynthetic light-harvesting complex in red algae, whose structural
genes are separately encoded by both the nuclear and chloroplast genomes. While the expression of
PBS genes in both genomes is responsive to environmental changes to modulate light-harvesting
efﬁciency, little is known about how gene expression of the two genomes is coordinated. In this
study, we focused on the four nuclear-encoded chloroplast sigma factors to understand aspects of
this coordination, and found that SIG2 directs the expression of chloroplast PBS genes in the red alga
Cyanidioschyzon merolae.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The phycobilisome (PBS) is a photosynthetic antennae pigment
complex found in cyanobacteria and red algae for the efﬁcient har-
vesting of light energy. The PBS is a macromolecular complex on
the thylakoid membrane composed of core allophycocyanin
(APC) proteins and stacked rod proteins such as phycocyanin
(PC) and phycoerythrin (PE), and mainly transfers captured light
energy to the reaction center of photosystem II (PSII) [1]. The abun-
dance and composition of PBSs is modulated by a number of envi-
ronmental parameters such as light intensity, light wavelength and
nutrient availability [2–5]. As the underlying mechanisms, the
expression of PBS genes has been suggested to respond to relevant
environmental changes in cyanobacteria [4,6], while little informa-
tion is available for red algae.In red algae, PBS genes are complementarily encoded by both
the nuclear and chloroplast genomes (see Table S1 for gene distri-
bution in Cyanidioschyzon merolae). This architecture is considered
to be a result of the endosymbiotic origin of the chloroplast and the
subsequent transfer of chloroplast genes to the nuclear genome.
However, encoding by two separate genomes requires ﬁne-tuning
of the two independent gene expression systems, the mechanism
of which still remains largely unknown. Nuclear-encoded PBS
genes are transcribed by the nuclear RNA polymerase II as in other
eukaryotes, while chloroplast genes are transcribed by a bacterial-
type chloroplast RNA polymerase descended from the cyanobacte-
rial endosymbiont. This bacterial-type chloroplast RNA polymerase
is likely responsible for all chloroplast transcription in unicellular
algae, since there are no evidence of other types of chloroplast
RNA polymerase in C. merolae as was found in seed plants [7]. In
general, the subunits of the chloroplast RNA polymerase core
enzyme are encoded by the chloroplast genome, whereas the spec-
iﬁcity and transcription initiation factor, sigma, is encoded by the
nuclear genome [8]. Thus, the nucleus controls chloroplast
transcription through modulation of the expression and/or activity
of sigma factor(s), which could be the coordination mechanism be-
tween the two genomes for PBS gene expression.
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Fig. 1. Expression of chloroplast PBS genes under light/dark shifts and nitrogen
depletion. (A) Changes of apcEAB and cpcBA transcript levels under light/dark shifts.
C. merolae cells were harvested at the indicated times after dark-to-light or light-to-
dark shift, and total RNAs were prepared. The RNAs (3 lg) were then subjected to
Northern blot analysis with speciﬁc probes. The positions of molecular weight
markers are shown on the right. The electrophoretic patterns of rRNAs stained with
methylene blue are shown below as loading controls. (B) Changes of apcEAB and
cpcBA transcript levels during nitrogen depletion. RNAs (1.5 lg) were subjected to
Northern blot analysis as in (A).
G. Fujii et al. / FEBS Letters 587 (2013) 3354–3359 3355C. merolae is a unicellular red alga that lives in acidic high-tem-
perature environments (pH 1–3, 40–50 C) and was isolated from
an Italian hot spring [9]. Because of the extremely primitive
features of the cell, C. merolae has been the subject of various basic
analyses including elucidation of the complete genome sequencesSIG1
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Fig. 2. Accumulation of sigma factor proteins under light/dark shifts and nitrogen depleti
cells were harvested at the indicated times after dark-to-light or light-to-dark shifts. Ali
SDS–polyacrylamide gel electrophoresis (PAGE) and analyzed by immunoblot analysis w
markers are shown on the right. Loaded proteins stained Coomassie Brilliant Blue (CBB)
depletion. All other ﬁgure elements are as described in A.of the nucleus, chloroplast and mitochondrion [10–13], and the
development of tools and systems for molecular genetics analyses
[14–16]. Based on the nuclear genome sequence, four chloroplast
sigma factor genes have been identiﬁed and designated SIG1–4
(http://merolae.biol.s.u-tokyo.ac.jp/) [17]. In this study, we focused
on and analyzed these nuclear-encoded sigma factors to under-
stand the nuclear control of chloroplast PBS gene expression in
red algae, and found that SIG2 directs the expression of chloroplast
PBS genes.2. Materials and methods
2.1. Strain and growth conditions
C. merolae 10D was cultivated in liquid MA2medium [14] under
continuous white light (50 lmol m2 s1) at 40 C, bubbled by air
supplemented with 2% CO2. For the M4 strain, 0.5 mg/mL uracil
was added to the medium. Nitrogen depletion condition was as de-
scribed in [15].2.2. Construction of SIG overexpression and underexpression strains
Details of the construction of the SIG2 overexpression and
underexpression plasmids are described in the Supplementary
methods. Transformation of the M4 strain was performed as
described previously [14–16].2.3. Immunoblot analysis
Immunoblot analysis was performed as described previously
[18]. Antibodies against SIG1–4 were as described [19].50 kDa
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Fig. 3. Effects of SIG2 overexpression and underexpression on chloroplast PBS gene
expression. (A) Immunoblot detection of SIG2 in SIG2-v, SIG2-As and SIG2-Ox
strains. Accumulation of the SIG2 protein was examined using SIG2-speciﬁc
antiserum (SIG2) or a monoclonal antibody against the FLAG epitope (FLAG).
Strains were dark adapted for 18 h, and harvested before (D18) or 1 h after light
illumination (L1). All other ﬁgure elements are as described in Fig. 1. (B) Transcript
levels of chloroplast PBS and other genes under a dark-to-light shift. SIG2-v, SIG2-
As and SIG2-Ox strains were cultivated and harvested as in A. RNAs (3 lg) were
prepared and subjected to Northern blot analysis as in Fig. 1A.
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Total RNA extraction and Northern blot analysis were per-
formed as described in [18]. Probes for Northern blot analysis were
prepared as in [18] with the speciﬁc primers described in Table S3.
2.5. Chromatin immunoprecipitation (ChIP) analysis
Logarithmically grown C. merolae cells (optical density
(OD)750 = 0.4–0.7, 25 mL) were ﬁxed with 1% formaldehyde at
room temperature for 10 min with gently mixing. Subsequently,
glycine was added to the cells at ﬁnal concentration of 0.125 M
and the cells were gently mixed for 5 min. The cells were then pel-
leted, washed by ice-cold phosphate-buffered-saline (8.1 mM Na2-
PO4, 1.47 mM KH2PO4, 137 mM NaCl, 2.68 mM KCl), and stored
80 C until use. The pellets were resuspended in 1 mL sodium
dodecyl sulfate (SDS) lysis buffer (50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)–KOH, 140 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 0.1% SDS, pH 7.5, Com-
plete Mini, EDTA-free, protease inhibitor), and cell disruption and
shearing of genomic DNA were achieved by sonication. The geno-
mic DNA was fragmentized from 500 to 850 base pair (bp). Others
methods were as described in [18]. The primers for quantitative
real time PCR are listed in Table S4.
2.6. Quantitative analysis of phycocyanin
Phycocyanin contents were calculated based on OD620, OD678
and OD750 basically as described in [20].
3. Results
3.1. Expression analysis of PBS genes in C. merolae
Previous reports indicated that the expression of PBS genes re-
sponds to external light and nitrogen conditions in cyanobacteria
[4,6,21]. To ascertain that this was also the case in C. merolae, we
analyzed the transcript levels of chloroplast-encoded PBS gene
clusters, cpcBA and apcEAB, each of which presumably comprises
an operon, during shifts in light or nitrogen conditions. Both tran-
scripts were found to be induced by the onset of light and de-
creased by a dark shift (Fig. 1A). Nitrogen depletion resulted in a
transient increase and a subsequent decrease of the transcripts
(Fig. 1B), suggesting that the PBS gene expression is regulated in
C. merolae chloroplast similarly as in cyanobacteria [4,6,21].
3.2. Correlation of chloroplast PBS gene expression and accumulation
of SIG proteins
If transcription of chloroplast PBS genes is under the control of a
speciﬁc nuclear-encoded sigma factor(s), accumulation of the
responsible SIG protein(s) should correlate with the accumulation
of PBS gene transcripts. Thus, the levels of the four SIG proteins un-
der the same conditions as in Fig. 1 were examined by immunoblot
analysis. When C. merolae cells were exposed to light after dark
adaptation, the SIG2 protein level began to increase at 0.5 h, and
subsequently reached a peak at 2 h (Fig. 2A). SIG1 was also in-
creased 1 h after the light shift, and this increased level persisted
for at least 6 h. In the case of a light-to-dark shift, SIG2 was signif-
icantly decreased at 0.5 h, and was undetectable after 1 h. SIG1 was
also decreased by the dark shift, but this decrease was very slow
compared with SIG2. Nitrogen depletion also resulted in a decrease
of the SIG1 and SIG2 proteins after 18 h. The levels of the SIG3 and
SIG4 proteins were not signiﬁcantly affected by light or nitrogen
conditions. These results suggested a correlation between the
accumulation of SIG2 and chloroplast PBS gene transcripts, andraised the possibility that SIG2 activates chloroplast PBS gene
transcription.
3.3. Overexpression and underexpression of SIG2 resulted in correlated
changes of chloroplast PBS gene expression
If SIG2 positively regulates chloroplast PBS genes, artiﬁcial
changes of SIG2 levels should result in correlated changes of chlo-
roplast PBS gene expression. To examine this possibility, the SIG2-
coding region was placed downstream of the strong APCC promoter
in either forward or reverse orientation (pOxSIG2 or pAsSIG2,
Fig. S1), and introduced in C. merolae cells to make SIG2-sense or
-antisense RNA overexpressing strains, SIG2-Ox and SIG2-As,
respectively (Fig. S2). To make these strains, plasmid-introduced
cells were selected for uracil autotrophy, but the status of the
introduced plasmid, i.e., whether it was integrated into the chro-
mosome or transiently replicating autonomously [22–23], was
not examined in this experiment. The SIG2-v strain, into which
the vector plasmid pSUGA (Fig. S1) was introduced, was used as
the control. A dark-to-light shift was shown to induce SIG2 in this
control strain (Fig. 3A) as in the wild type (Fig. 2A). On the other
hand, SIG2 induction was not observed in SIG2-As but was
Fig. 4. Speciﬁc interaction of sigma factors with chloroplast promoter regions in vivo. C. merolae cells were ﬁxed by formaldehyde before or after 1 h light illumination after
18 h dark adaptation (A and B) or ﬁxed before or after 18 h nitrogen depletion (C and D). Sigma factor–DNA complexes were precipitated with SIG1–4 antibodies, and the
levels of immunoprecipitated DNA for chloroplast cpcBA (A and C) and apcEAB (B and D) gene promoters (Pro) or downstream ORF regions were calculated. Sets of black and
white arrowheads indicate the positions of primers used to amplify the putative promoter and downstream ORF regions. TSP indicates transcription start site predicted by
EST and MPSS analyses. The putative promoters were indicated by boxes with their sequences and positions: capital characters, the consensus nucleotides of the major class
of bacterial promoters; +1 as the initiation codon of each gene. All values are averages of three independent experiments and represent the percent recovery relative to the
total input DNA. Error bars correspond to ± standard deviation (S.D.).
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body (Fig. 3A). The strong induction in SIG2-Ox was also conﬁrmed
by immunoblot analysis with the antibody against the FLAG-tag
that was fused to the SIG2 carboxy-terminus (Fig. 3A). Two signals
were detected by the anti-SIG2 antibody in most cases; the upper
band was likely the unprocessed precursor protein with the chloro-
plast translocalization transit-peptide. In the case of SIG2-Ox, a
third faint signal was detected by anti-SIG2 antibody at the lower
position. This likely corresponded to the endogeneous mature SIG2
protein without the FLAG-tag. We subsequently examined the
transcript levels of the chloroplast PBS genes (Table S1) during
the dark-to-light shift. As shown in Fig. 3B, cpcBA, cpcG, apcEAB
and apcF transcripts were decreased in SIG2-As and increased in
SIG2-Ox as compared with SIG2-v. For apcD, the transcript level
changed only slightly in SIG2-Ox but was decreased in SIG2-As.
accD is likely comprising an operon with apcD, and the transcript
levels increased or decreased correlating with other PBS genes. Al-
most no difference was observed among the three strains for
psaAB, which encodes P700 apoproteins of PSI, and psbDC, which
encodes the reaction center D2 and CP43 proteins of PSII. These
observations well supported the hypothesis that SIG2 speciﬁcally
activates chloroplast PBS gene transcription.
3.4. Speciﬁc interaction of SIG2 with the promoter regions of the PBS
genes
To clarify whether SIG2 directly recognizes chloroplast PBS gene
promoters, chromatin immunoprecipitation (ChIP) analysis was
performed using antiserum against each SIG protein. Transcription
start points (TSPs) of cpcB and apcE genes were determined by 50-
massively parallel signature sequence (MPSS) analysis (Imamuraet al., in preparation) [24]. The TSPs were mapped at 13-bp for cpcB
and 25-bp for apcE upstream from each initiation codon, respec-
tively. The MPSS results were consistent with results obtained by
the full-length EST analysis [12]. Sequences that resemble the ma-
jor class of bacterial promoters [25] were found around 10 and
35 bp upstream of each TSP (Fig. 4A and B). Cells were cultivated
under continuous illumination, and then dark adapted for 18 h.
The cells were sampled before and after a 1 h illumination, and
the presence of each SIG protein on the putative cpcBA and apcEAB
promoter regions was analyzed. Whereas no signiﬁcant interaction
was found under the dark condition, speciﬁc SIG2 interaction with
these promoter regions was detected after the illumination (Fig. 4A
and B). In contrast, these speciﬁc interactions of SIG2 to the cpcBA
and apcEAB promoter regions were decreased 18 h after the nitro-
gen depletion (Fig. 4C and D), in which the PBS gene transcripts
and SIG2 protein levels were decreased (Fig. 2B). No signiﬁcant
interaction of SIG2 was found with DNA regions inside the open
reading frames (ORFs) of the analyzed genes under any environ-
mental conditions shown in Fig. 4. These results again indicated
that SIG2 speciﬁcally and directly activates chloroplast PBS genes.
3.5. The SIG2 overexpression affects phycocyanin contents under
nitrogen depletion
To further examine the SIG2–PBS relationship, we analyzed
phycocyanin content in WT cells under dark to light shift and
nitrogen depletion condition. As the result, while no signiﬁcant
change of phycocyanin content was observed by light shifts (data
not shown), phycocyanin content signiﬁcantly decreased by nitro-
gen depletion. We subsequently analyzed phycocyanin contents of
SIG2-v, SIG2-As and SIG2-Ox strains. While there is no signiﬁcant
3358 G. Fujii et al. / FEBS Letters 587 (2013) 3354–3359difference among SIG2-v, SIG2-As, and SIG2-Ox strains under the
nitrogen-replete condition (Fig. 5), reduction of the phycocyanin
content was alleviated in SIG2-Ox as compared with SIG2-v and
SIG2-As under the nitrogen depletion condition. These results sup-
port the idea that the chloroplast encoded PBS-related genes are
positively regulated by SIG2.
4. Discussion
The abundance of light harvesting PBS complexes is regulated
by various environmental cues in cyanobacteria and red algae. As
the underlying mechanism, while transcriptional control of PBS
genes has been shown to play a major role in cyanobacteria, little
information is available for the regulation in red algae. PBS genes
are encoded by both nuclear and chloroplast genomes in red algae,
and thus the regulation is likely rather complex as compared with
those in cyanobacteria. In C. merolae, four PBS genes (CPCC, CPCE,
CPCF and APCC) are encoded by the nuclear genome and thus must
be transcribed in the nucleus and imported into the chloroplast. On
the other hand, the expression of the chloroplast-encoded PBS
genes (cpcBA, cpcG, apcEAB and apcF) is performed totally in the
chloroplast compartment. This complicated situation indicates
that biosynthesis of PBS requires an intricate mechanism for com-
munication and coordination of the two independent genomes.
In this study, we examined the hypothesis that a nuclear-en-
coded sigma factor(s) has a role in chloroplast PBS gene transcrip-
tion and regulation. From our results, we concluded that SIG2 is
involved in chloroplast PBS gene transcription because (1) the
accumulation of SIG2 and chloroplast PBS gene transcripts was
well correlated, (2) overexpression and underexpression of SIG2
resulted in overexpression and underexpression of chloroplast
PBS genes, respectively, and (3) ChIP analysis revealed speciﬁc
interaction between SIG2 and chloroplast PBS gene promoters.
These observations were speciﬁc for SIG2 among the four sigma
factors, indicating a speciﬁc functional linkage of SIG2 with PBS.
Other than the nuclear-encoded SIG genes, the C. merolae chloro-
plast genome encodes four bacterial-type transcription factors,
Ycf27–30 [11]. Involvement of these factors in PBS gene transcrip-PC
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Fig. 5. Changes of phycocyanin content after nitrogen depletion. SIG2-v, SIG2-As
and SIG2-Ox strains were harvested at the late logarithmic phase (OD750 = 2.0–5.0),
and resuspended in MA2 or nitrogen depletion medium as the OD750 was adjusted
to 0.5. These cells were cultivated in microtiter plates (6 holes) for 48 h and the
OD620, OD678, and OD750 were measured to estimate the phycocyanin contents (lg/
mL/OD750). Values shown are means ±SD derived from three measurements.
Signiﬁcant differences were calculated by Student’s t-test (P > 0.05). Pictures of the
cultures after the 48 h cultivation were shown at the bottom of the graph.tion is also possible but presently unknown, and should be clariﬁed
in future studies.
Does SIG2 regulate only chloroplast PBS genes or also recognize
other chloroplast promoters? While obtaining the full picture will
require comprehensive analysis, the lipid biosynthetic accD and
the PSII component psbX genes are transcribed with apcD as an op-
eron under the control of SIG2 (Fig. 3B). This observation suggests a
more global role for SIG2 in chloroplast gene expression. Other
question is contributions of other sigma factor(s) under the dark-
to-light shift and nitrogen deprivation conditions. Recently, in
higher plants, it has been reported that activity of sigma factors
are regulated at the posttranslational level [26]. Thus, it is possible
that other sigma factor(s), of which protein levels were not chan-
ged in this study, contributes to gene expression under the
environmental conditions. This point must be important for the fu-
ture studies.
In conclusion, we have identiﬁed the nuclear-encoded sigma
factor SIG2 as a positive regulator of chloroplast PBS genes. This
is the ﬁrst identiﬁcation of a nuclear factor involved in chloroplast
PBS accumulation, and represents the ﬁrst step in the comprehen-
sive understanding of chloroplast transcription networks in red
algae.
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